Computed values of the effective diffusion coefficient, D e , ranging from 4.93 × 10 -10 to 5.96 × 10 -10 m 2 /s were obtained from kinetic data for the adsorption of 1,2-dichloropropane from a mixture with air on to activated carbon particles at concentrations within the range 14.94-31.51 g/m 3 . Such kinetic adsorption data were obtained over the temperature range 24.1-25.8ºC. Using the dependence D e = f(c A0 ), it was possible to compare the calculated values of D e for 1,2-dichloropropane with the experimental data for 1,2-dichloroethane obtained from adsorption measurements. The values of the effective diffusion coefficients for 1,2-dichloropropane as calculated from its desorption by pure air were within the range 1.67
INTRODUCTION
Activated carbons are widely used in gas purification and separation processes. However, for modelling adsorption processes involving activated carbons, information regarding the basic features of the relevant adsorption isotherms and the pore diffusion coefficients is necessary (Yang 1987; Suzuki 1990) . In this regard, the Wicke-Kallenbach technique has been applied for measuring the diffusivity of the Ar-N 2 and CO 2 -N 2 systems in a porous carbon at temperatures up to 700ºC (Yang and Lin 1982) . Effective diffusion coefficients of an order of magnitude equal to 10 -10 m 2 /s were obtained by modelling the multi-component adsorption of hydrocarbons from an aqueous solution in a fixed bed of activated carbon containing particles of mean diameter 0.68 nm (Mehrotra and Tien 1984) . An investigation of the adsorption of dyes from aqueous solutions in a mixing vessel showed a dependence between the effective diffusion coefficient and the input concentration of the adsorptive (Al-Duri and McKay 1992) . Knudsen diffusion in randomly correlated networks of constricted pores has been described by Burganos and Payatakes (1992) . The effect of the micropore size distribution on surface diffusivity in macroporous solids has been solved theoretically (Do and Do 1993) , while Chen and Yang (1993) formulated a model of surface diffusion for multilayer adsorbed species. The molecular dynamics simulation method has been used to calculate diffusion coefficients in narrow slit-shaped micropores (Cracknell et al. 1995) and diffusion-limited gasification of carbons has been modelled using branching pore models (Borrelli et al. 1996) . Nicholson (1996) used computer simulation to study the properties of molecules in pores, while the profiles of dynamic-column breakthrough experiments have been analyzed to derive mass-transfer data as well as heat-transfer rate data for the adsorption of methane, ethane and propane in activated carbon particles (Malek and Farooq 1997) . The absolute rate theory has been used as the basis of a model for surface diffusion in the liquid phase (Miyabe and Takeuchi 1997) and the influence of adsorption isotherm shape on diffusion in activated carbon particles has been investigated by Linders et al. (1997) . Simultaneous diffusion and adsorption of hydrocarbons in activated carbon particles was studied by Do and Do (1998) . Sundaram and Yang (1998) used multi-component diffusion to solve the kinetics of pressure swing adsorption in the separation of oxygen and nitrogen from air by molecular sieve carbon. A concentration dependence of the effective diffusion coefficient was established by Drazer et al. (1999) in an investigation of the adsorption of NaI on granulated activated carbon, the values obtained ranging from 1.15 × 10 -11 m 2 /s to 4.4 × 10 -11 m 2 /s for 1.0 × 10 -3 M to 0.1 M solutions. A model describing the entrapment of chlorinated hydrocarbons from a stream of air in a granulated active carbon bed exhibiting a high specific surface area has been described by Takeuchia et al. (1999) , with surface diffusion being important in the diffusion of chlorinated solvents in a single activated carbon particle. According to Chiang et al. (1999) , the effective diffusion coefficients of benzene and methyl ethyl ketone in the presence of nitrogen lie in the range 1.2 × 10 -8 m 2 /s to 1.1 × 10 -10 m 2 /s. Increasing concentration of adsorptive led to an increase in the values of the effective diffusion coefficient. Studies of the diffusion of hydrogen sulphide and methyl mercaptan from air on to microporous alkaline activated carbon were reported by Chiang et al. (1999) with spent activated carbon, regenerated activated carbon, fresh activated carbon, impregnated/regenerated activated carbon and impregnated/fresh activated carbon being employed. The estimated values of the effective diffusion coefficients ranged from 2.1 × 10 -12 m 2 /s to 6.5 × 10 -10 m 2 /s. Finally, Lordgooei et al. (2001) have modelled the effective diffusion coefficients of volatile organic compounds in activated carbon fibres.
However, despite the existence of numerous works dealing with the transport of various components in solid-phase pores, this problem has yet to be solved. No methods are available for calculating the effective diffusion coefficients from the properties of the transport components and the characteristics of porous bodies, obviously due to the complicated pore structure of the solid phase and the complexity of the transport phenomena taking place in the adsorbent pores.
The present contribution is devoted to an attainment of the effective diffusion coefficients as the basic parameters for adsorber design.
THEORETICAL
Let us assume that the porous structure of the adsorbent particles is arranged in such a way that the particles are isotropic in terms of mass transfer. This porous material can then be assumed to be a quasi-homogeneous medium that differs from a homogeneous medium in that the adsorption of vapours can take place in the solid-phase pores. This means that diffusion in the adsorbed phase is important in addition to molecular and Knudsen diffusion.
Unsteady simultaneous diffusion and adsorption taking place in a quasi-homogeneous medium can be described by the equation for unsteady diffusion: ¶c A ---= D e Dc A (1) ¶t in which the effective diffusion coefficient characterizes all processes participating in the mass transfer. Equation (1) can be solved analytically or numerically for a given adsorbent particle shape and for given initial and boundary conditions. For cylindrical particles and symmetric diffusion (i.e. the concentration field is symmetrical in terms of both the axis and the centre of the cylinder), equation (1) can be rearranged into the following form:
If these particles have a radius r 0 and a length , do not contain adsorbate molecules before the adsorption process with a constant concentration of adsorptive c A0 being maintained after a certain time, the initial and boundary conditions may be written as follows:
Solving equation (2) for conditions (3) and rearranging for the amount of component adsorbed, one obtains (Timofejev 1962):
If the cylindrical particles are saturated by the adsorbate to an equilibrium concentration a A 0 corresponding to an adsorptive concentration of c A 0 , and a zero concentration of the adsorptive is maintained on the surface after a particular time, the initial and boundary conditions can be expressed as:
By solving equation (2) for conditions (5) and rearranging for the amount of the component adsorbed, one obtains: The active carbon Supersorbon HS-4 used consisted of cylindrical particles with the following characteristics: diameter, 4.81 mm; length, 5.24 mm; specific surface area, 917 m 2 /g; specific volume of the transport pores as determined by mercury porosimetry, 0.286 cm 3 /g; particle density, 0.709 g/cm 3 .
Methods
Both the course of DCP adsorption from a stream of air and the course of DCP desorption by a stream of pure air in an adsorber with a bed height equal to the diameter of a single adsorbent particle were examined using an apparatus described previously (Bobok and Besedová 1998). The course of adsorption and desorption was investigated by weighing the two adsorbers when equal adsorption times had elapsed. During the adsorption process, the required concentration of the adsorptive in air was achieved by evaporation of the adsorptive from a free surface in temperaturecontrolled saturators. The value of this concentration was estimated from the overall amount of DCP adsorbed in the differential adsorbers incorporated in the stream before the outlet (through which the air was directed into the atmosphere) and from the overall volume of air passing through the adsorber. The results of these measurements provided a set of data {g t ;t}. After completion of the adsorption process, DCP desorption using a stream of pure air was allowed to proceed, the corresponding mass being determined by weighing. In this way, another set of measurements {g t ;t} was obtained.
RESULTS AND DISCUSSION
The values of the effective diffusion coefficients were obtained via optimization methods using a data set {g t ;t} obtained from the adsorption measurements and employing equation (4). The following relationship was used as the optimization function:
n = 1 Relationship (6) was used to calculate the effective diffusion coefficients from the desorption data. The results of these calculations together with the values of the effective diffusion coefficients for 1,2-dichloroethane (DCE) reported by Bobok and Besedová (1998) are listed in Table 1 , while Figure 1 depicts the dependencies of the effective diffusion coefficients for DCE and DCP on the concentration of the adsorptive, c A0 . It will be seen from the figure that the concentration dependence of the effective diffusion coefficient for DCE increased linearly with increasing concentration. However, the concentration dependence of the values of D e obtained from measurements of the adsorption of DCP appeared either to exhibit an ill-defined maximum or measurement errors led to no change with increasing concentration of the adsorptive. From the non-linear course of the equilibrium line drawn in Figure 2 , it is obvious that the value of K decreased with increasing adsorptive concentration. Hence, in accordance with equation (8), the value of D e must increase with increasing adsorptive concentration. During the transport of an adsorptive in a porous medium, molecular diffusion, Knudsen and surface diffusion may provide the controlling mechanism. Assuming that the transport of a component in solid-phase pores proceeds via molecular diffusion or Knudsen diffusion in combination with surface diffusion, the effective diffusion coefficient can be expressed by:
Hence, the effective diffusion coefficient of the adsorbing component depends on the diffusion coefficient in the porous medium and the surface diffusion coefficient that allows molecular, Knudsen or surface diffusion to take place to various extents. Under these circumstances, a change in the mass-transfer mechanism involving the adsorbed amount or the adsorptive concentration could occur. Thus, the dependence of the effective diffusion coefficient on the concentration may exhibit a maximum or minimum as has been reported by Chiang et al. (1999) . These authors studied the diffusion of methyl ethyl ketone on variously modified activated carbons at temperatures of 303 K, 343 K and 393 K. Their published results indicate that both the assumed mass-transport mechanism and the shape of the function D e = f(c A 0 ) are dependent on the properties of the system and the working conditions employed (Chiang et al. 1999) .
The continuity of the function D e = f(c A 0 ) for DCE and DCP must obviously be connected with the small difference in properties between the different molecules which influence both the equilibrium (Figure 2 ) and the adsorption kinetics.
A large difference between the values of the effective diffusion coefficients obtained from measurements of DCP adsorption from a stream of air and from values obtained from the measurements of DCP desorption from activated carbon particles via a stream of pure air must be associated with the observed non-linear course of the adsorption isotherm. In adsorption, the favourable shape of the adsorption isotherm leads to a decrease in the mass-transfer zone and accelerates the adsorption stage as reflected in higher values of D e . In contrast, during the desorption process, the favourable shape of the equilibrium line leads to an enlargement of the mass-transfer zone. Thus, the rate of desorption diminishes as reflected in the lower values of D e obtained. In accordance with this hypothesis, the values of D e obtained experimentally from adsorption and desorption measurements in systems with a linear isotherm should be equal. Our previous measurements of the diffusion coefficients of water in the presence of air in silica gel particles are in agreement with this statement (Bobok and Besedová 2000) . The reported values obtained from the adsorption and desorption measurements were equal, i.e. (1.5 ± 0.6) × 10 -10 m 2 /s over an adsorptive concentration range 0-12 g/m 3 and a temperature of 20ºC. The isotherm may be assumed to be linear over the concentration range in question.
Small changes in the values of D e obtained from measurements of the desorption process at various adsorptive concentrations during adsorption may be related to small differences in the adsorbate concentrations before the beginning of the desorption process.
CONCLUSIONS
The dependencies of D e for DCE and DCP on the adsorptive concentration as estimated from measurements of the course of adsorption may be considered as equal, irrespective of the small differences in the determining properties of the transported molecules. The course of the dependence D e = f(c A0 ) is determined both by the properties of the system and the transport conditions, which determine the mass-transport mechanism. Large differences between the values of D e for DCP obtained from measurements of the course of adsorption and desorption may be linked with the shape of the adsorption isotherm. A favourable shape for the DCP isotherm on activated carbon led to accelerated transport during the adsorption process, as reflected in higher values of D e . In the desorption process, a favourable isotherm shape caused a slow-down in transport, as reflected in lower values of D e . 
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